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SUMMARY
,

Results are presented of sea-level performance tests conducted
on a 22-inoh-diameterpulse-Jet engine installed on a thrust etsnd.
The tests were conducted at simulated ram pressures of O, 18, 40,
and 58 inches of water and cover the entire range of fuel flows for
which resonant operation of the engine is obtained. ●

AEIummsry of the tiportant test results is presented in the
following table:

Simulated ram preesure, in. water
..-

Fiquivalentindicated airspeed (NACA air), mph
Predicted mximum flight thrust, lb
Thrust specific fuel consumption atmaxlmum-
thrust uperation, lb/(hr)(lb thrust)

Predicted flight thrust for operation at
mimlmum fuel consumption, lb

Mlnlmum value of thrust specific fuel con-
sumption, lb/(lm)(lb thrust)”

7
0

50C
4.0

420

-i-r
190
660
3.8

610

3.4

Z5Rzi-”
280 340
740 770
3.8 4.2

6601680 “

L3.3 3.6

,...

Mdmum-thrust operatlonwas olItMned at a fuel-air ratio of approx-
imately0.08 and boat fuel economy, In the fuel-air-ratio range
between 0.064 and 0.072.
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The qparating frequency of the engine varied from 39 to
41 cycles per secmd. M3ximum combustion-chhmb~ pressures in the
order of 40 to 50 Inchee of mercury gage.and minimum ~essures from
about 7 to 10 inches of hmrcury vacuum were measured for the ehu-
lated ram pressures of 40 and 58 Inches of water. The operating
lives of the two flapper-valve asesmblies used In the tests were
apprately 17 and 33 minutes.

INmmucTIcm

At the
Tortes, and
tigatfon is
@rove the
$et engine.

request of the Alr Zbchnical Service Command, Army Alr
the Bureau of Aeronautics, Navy Department, an inves-
being conducted at the NACA Cleveknd laboratory to
psrformance and extend the operating llfe of the pulae-
Ad a part of th?.stnv9stigation, thrust-stand tests

were conducted to determine the sea-level performance of a 22-inch-
dlameter pulse-Jet englns at simulated ram pressures of 0, 18, 4CJ,
and 58 inches of water for the entire fuel-flow range of resonant
operation. The performancee data ob%ined in these tests> which were .
conducted from February to Juns 1945, are presented In this report.

TEST INSTALLATIOIVAND INSTERJMENTMTON

Description of pulqe-jet engine and its o~eration. - The pulse-jet
engine used in the investigation IS a reproduction of the German englns

..—

u~ed In WcxldWar 11 for propelling the V-1 flylng bomb. As LILustirated
in the dimensioned sketch Of figure 1, the pulse-~et engine consists
M a flapper-valve grid amembly and a steel ehell that forms the dif-
fuser entry ahead of the grid, the cylindrical combustion chamber, the
conical nozzle, and the long cylindrical tail pipe behind the grid.
ml Inner ~iuters of the ccmibustlcnchsmber and tail pipe are

21~ - lS~ inchee, respectively; the ratio of combustion chamber to

taxi-pipe flow area is therefme approximate~v 2:1. The flapper-va2ve
grid assembly consists of spring-steel sheets 0.010 inch thick, which
are prefomusd and Installed to seat tightly against the ribs of the
aluminum grid sections. (See detailed sketch in fig. 1.) The spacee
between the ribs form the air pasqps across the grid sections; the
restiictlon of air flow through these passages is controlled by the
Opening and closing action of the flapper valves. Three horizontal
venturi-shaped channels are located at the entrance to the ccunbus-
tion chambsr directly downstream of the”flapper-valve grid aasembly.
The venturi channels are formed b the insertion in the forward end of

%the cambustior~chamber of airfoil sections constructed of sheet metal.
The spray ends of the fuel nozzles, which are mpported on the flapper-
val.vegrid asssnibly,are cmtr&l.ly located slightly upstream
of the throat of the veuturl channels. The puFpoBe of these
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ohannele is probably to improve mlxlng between the combustion air and .
the fuel. A spurk pl~ Installed on the caubustion-ohamber shell in

- -. Jthe.position ~o&te@ in figurc.1 is ,ueedfor st@&, ,tbe,ex.
<

Figures 2 and 3 qre photographs of I&e downstream and upstream
.“: faoes of the fla~er-valve grid assembly and show the nj.neoentrlfugal-
.i
b spray *1-inJeotlon nozzI.ef3~ the three oompressed~.dlrJets, the fuel-

?Mtribution man3fold, and the compressed-a!rlines. The oompressed-
air Jetu, which are Inoorporwted for statIc starting, were not used.,.. in the tests.:

0

The thnst platform, the support linka&s, and the bedplate form
the sides of a pin.-Jointed parull.~lo~am. The rear support llnkagss
and a thrust arm are keyed to u ccmmon ah~ to form a be~.:orank
arrangement WIth a 10:1 lever~e ratio. Tileforces on the en@ne
are transmitted frcxntha thrust platform, through the boll orank, to
the piston of a hydrau~lc piston-cylinderassembly. Kerosene is

—
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pumped fra a reservoir to the bottom of the cylinder-and returned
through a horizontal slot 1/16 Inch wide and ?/8 inches long midway
in the cyllndem barrel. Under load conditions the piston autmati -
tally assmes a position relative to the slot opening such that the
kerosene pressure exerted on the under side of the piston balances
the forces applied to the top of the piston. The kerosene ~eesure
In the cylinder is bnnsmltted to a mercury mauoueter throu@ copper
tubing, which incorporates a l-foot length of capillary tubing with
a 0.032-inch Inside diametar. The capillary tubing provides for
linem damping of the pressure pulsations resulting from the inter-
mittent Jet forces and thus Insures true time-average readlnge.

h order to check the accuracy and reliabili~ of the thrust
readings obtained tith this hydraullc-balance system, thrust measure-
ments were also taken in some tests (not reported herein) with a
strain gage installed on the connecting rod between the thrust arm
and the balancing piston. Agreement between the thrust indications
obtained by the two methods were within 5 percent; because the two
thrust-measuring methods operate on entirely dlfferent principles,
Insofar as giving a time average of the periodic thrust forces
developed by the en@ne, it IS concluded that the time-average thrust
measurements obtained by either method are correct.

@mbustion-air system. - As shown In figure 4, a centrifugal
blower driven through a—wiable-speed magnetic coupling by a
200-horsepower constant-speed induction motar supplies combustion
air to a large surge tank fra which it flows to the pulse-~et
engine. The surge tank, which serves as a constant-pressure reser-
voir, has a volume ~eater than 300 times the volume of the engine
ccmibustfonchamber; the alr-pressure fluctuations in the surge tank,
resulting from the cyclic “breathing” of the engine, are therefore
small. An air-tempering tank, located In the ductlng system between
the blower outlet and the air surge tank, contains suitable steam
coils and water coils with aut~tically controlled mixing vanes
fcm regulation of the combustion-air timperatwe. The surge-tank
pressure (or simulated ram pressure) was controlled by regulation
of the blower speed end a bleed valve located ne~ the blower outlet.
hkasurements of combustion-alr weight flow were obtained by means
of a 14-inch thin-plate orifice installed In the combustion-air
system according to A..S.M.E. specifIcations.

The transition ducthg between the air surge tank and the
entrance diffuser of the engine is rigidly supported on the same
mounting frame as the engine itself and is connected to the surge
tank by means of a flexible rubber diaphragm (see detail A, fig. 4),
which prevents tawnsmittal of thrust to the surge tank. Because
the engine mounts permit some movement of the engine relatiw to the
mounting frame, whgreas the transition ducting is rigidly fastened
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to the freme, a rubber-bocrtconnection is pruvlded between the engine
dlffueer and the traneltion”section (see detail B, fig. 4).

- .- ,. -,. ..S

, Fuel -d IgnitIoris;et”ti. - F&el,”oonfo=~- to “M-F-22 speci-
fIoatione, was piped to the engine firm the laboratory main supply
system. AIIauxiliary fuel pup was used to boost the”main-supply
fuel piiessuree,as required to obtain the high fuel rates and the
attendsnt high fuel-nozzle pressures. The fuel flow was regulated
by a needle valve and measured by a oallbrated rotemeter. A
solenold-operatedvalve in the fuel llne adJacent to the en.@ne
aff@ed a qulckmeane of opening and shutting off the fuel scqply
to the engjne durlqg operation. A fuel surge tank is mnnected by a
tee frcxnthe fuel ltne at a point Just upstream of the solenoid- .
operated valve. The volwe in the lower portion of the tank nearest
the conneotlon is filled with gasollne and the ~per volume contains
entrapped air for cushioning the line surges. The fuel eurge tank
also functioned in aterting the engine as a pressurized fuel reser-
voir for gjving a quick h?.gh-presmre injection of fuel.into the
combustion chom~~r the instant the solenoid valve was opened.

A 10,tiC)O-voltouty~rttranefomer and a 14-millimeter autcmwblle-
ongine ep~gk plug provid~d the init~al Ignition required for starting
the cngino.

;OolilM-ajr eywtem. - The engine is cooled during operation by
circulation cd?coolfm~uir In tho annular space hotween tho engtie
uhcll ~ the COOliq S&OUdS shoyn in fibve 5, The cooling air is
delivorod to the cooling Hhrouds by a centrifugal blower driven
thro@ a hydraulic coupltng by a 9C0-horsepower constant-speed
hducticn motor. Thf3coolin~-shroud Inskll.ation is not ~n contaot
with tho engiue or the thrust-transmittingmembers and thus does not
Intorfero with the thrust measurements. The cool- air is intro-
duced into and dleohargod frmn the annular epaco in suoh a manner
that Its total mwnontum aZong the thrust axis of the mglno ie kept
at a mitinunn.

Yrossure and tem~rature mmeuremonts. - The pressure-tube and
thermocouple inetrmsntatlon used In th~-ests Is briefly outlined
as follows: .

>

(a) A survey with four total-pressure tubes at the engine
diffuser entranoe (plane h, fig. 6). The average pressure above
atmoepherio thus obtained would correspond closely to flight ram
preesure.

(b) A survey with four static tubes and four flrori-constantan
thermocouple at the surge tank outlet (Pi- i, fig. 6). .
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(c) Statio-pressure wall tap for measurement of the statio
presmre of the ocunlmstionair within the air surge tank.

(d) Tlange static taps ‘upstreamand downstream and an lron-
oonstsntan themooouple upEtream of the ccaubust:i.on-airorifice plate.
These readings are used for the determlnations of oombustion-ah
flow.

(e) Three iron-constantan thermocouples peened tito the upstream
face cf the flapper-valve assembly.

(f) Five Chromel-al-umd the.rmo~ouplesspot-welded to the engine
shell at 2-foot titorvals downstrema of’the flapper-valve assambly.

The pressure bubes ure connected to a multitube liquid mancmoter,
the readings of which were @nto@aphically recorded durjng the tests.
A mlcromunme ter was used to obtain n more aocu~’ater~ading of the
cmbustjon-air pressure difierentlal across the orifice plate. The
temperatures wero indicated b~ self-baknolng potentiometers.

Comhu3ticm-cyclemoaduraments. - Tho engine canbustion-chamber
presc3-ru transmitted to a oupnolty-type pressuro pickup and
were obteined as vertioal defl~otions on n cathode-ray oscU.loscope.
The hcvizontal sweep on the oscilloscope was actuated by a calibrated
audio-froqmmc$ oscillator,whioh resulted In a traoe on the oscil-
loscope ecreen of pressur~ a@nst tfme. TIN pressure trace on the
screen was photo~aphed during the tests. Thu frequency of the
pressure trace was obtatned fran 12MIsetting of the audio-frequency
oscillator.

Preliminary tests ohowed that the pressure pickup was relatively
I.nse.nsltivuta vlbratioml dist~~b=c~s} but tit, fin~pitt)of its
wuter-cochd pressuro-smsitivv diaphrnw, It gave hlgld-ydistorted
and changi~ wavu rcr.mswhen sub~ected to hot gases. This rusponse
~ b~ due to warPlng and changcisin the physioal properties of tho
thti diaphragm upon &pplicetion of heat. In order to avoid direct
exposure of tho diaphragm to tho combustion &ascm, the pickup was
installed nt tho ond of u water-cooled extmsion tube of 3/&inoh
insid~ dl~mtur and .3&lnch length, which, in turn, was mounted on
tlm mmbustlon chsmbo~ about 1 foot behind the flapper-valve
asmnnbly.

Thu quantitetlvu lr~omuation on the ccabustion pressuro cycle
1s obtained from mwxnmxnmts of max~mmn and mlnlmum cycle pressurus.
A balanced-disk pickup of NACA design, whloh has been successfully
used in r~~j.pi-o~thg-~ngln~ development to moasuro maxlmmn cylindur
pressures and found to he reliable, was used in the sub~eot tests to
xmasurc tho maximum cycle pressure. In the operation of thu
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balanced-disk pickup,the cyclic cabustlon pressure act- on one
side of the disk is counteracted by a controfiable ccmhant air pres-

---- sure on the oyposihe.side. The counteractingpressure, when ad$@ed
to the lowest value that w~lJ_kesp the disk on its seat at &l times,
will be olo6ely eq@. to the maximum combustion pressure. This con-
dition of bslance IB Indicated by a l-watt neon lamp in a &ect-

. current clrcult that includes the disk and its seat. The pressure
pickup us6d for ,measuringmlnlmum pressure Is shllar In conetructlon
and operation to that described for messurlng mmlmum pressure; the
balancing constant pressure in this case IS maintained by a vacuum
l?w *

.

ANALYSIS OF 1’= llATA

In order to Interpret the test results for application to the
conditions of fli~ht, a brief’theoretical study is given of the air
flow and the resulLlng forces present totljiu fli~t and in the test
installation. l!’~gure
when the er~he Is in
through the imagimy

6(a) illustratesthe flow cond:tlms axlstirq?
flight. ~-nt~ coneidel.ations~f the fJ.ow
boundary drawn in fQure 6(a) results in the

followl~ relation:

F = ; (VJ - Vo) (1)

where

F average thrust

w combustion-ajr

develcped by engine, pounds

weight flow through engine, pounds per second

a acceleration of gravity, 32.2 feet pm aecmd per second

VJ effective Jet velocity equal to mczmntum of exhaust :et divided
by mass flow of ccmbuetlcn air, feet per second

V. free-stream velocity, feet per second

The flow conditions obtained in the tests (seo fig. 6(b)) are scme-
what different from those existing in flight. In this case, the
momentum equation when applied to the flow through the haginary
boudarles yields:

b

Fm = ~ (Po -P1)+:(VJ’-VJ “ .(2)

where
.

.

. . .

.-, . ....- ..—
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rm face measured in tests, pounds

Al area effeotlve in imnsmlttlng air load pi - PO to engine
and supporting structure, square inohes

PO atmospheric pressure, pounds per square inch

pi average static pressure inside surge tank at cross section of
area Al, pounds per square inch

Vi effective air veloolty at cross section of area ~, feet per
second

It is noted that the imaginary boundary passes through the orest of
the flexible rubber diaphragm. At this point the tension in the
diaphra~ is normal to the axis of the engine and henoe does not con-
tribute a term to equation (2).

Equation (2) shows that the total force measured in the tests
Is the-algebraic s~tion of

and the mmentum force ; (VJ

evaluated frcauthe results of
w

the air-pressure load ~ (PO - pi)

- vi). The air-pressure load may be

calibration teste, which are described

later ● The mcxuentumterm ~ vi is detemlned fra the measured

value of combustion-air weight flow and the value of ‘Vi, which, in

turn, is obtained from the calculated average velocity at plane i
(fig. 6) by assuming the velocity variatim resulting from the
cyclic-flow through the engine to be sinusoidal. Because the average
velocity at plane 1 (fig. 6) is small (less than 1 percent of VJ),

the foregoing approxinmtion for Vi introduces negligible error.
The measured test force Fm may thenbe corrected by the values of

w
Al (p. - Pi) -gv~ Inaccordanoe with equaticm (2) to give the

jet mcmentum force ~ VJ, herein referred to as the jet thrust.

For convenionco of analysis, the effective Jet velocity V$ 1S

calculated frcm the $et thrust #Vd and the cmbustion-air weight
flow H. The engine performance results are then presented as plots
of effective @t velocity and combustlan-alr weight flow against
fuel flow for the various simulated ram pressures. Fredicted flight
thrust values (excludlng external drag) for the airspeeds corres-
ponding to the simulated ram pressures sre presented as computed
from equation (1) d the test values of effective Jet veloci*
and combustion-alr weight flow.

I
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The foregoing prooedure involves the asmnuptlon that, for the
same oondit10IM of fuel flow and entranm rem pressure and tempera-

, ... . ..turei the oanbusthn-alr. weight flow and the e-$f~ctlye.@- velocity
(and thus, the Jet thrust) are the same for the engine in flight as
on the thrust stand. The main hplicatione of’this assumption =e
that the oabuetion-alr weight flow and the effeotive Jet veloolty
are unaffected by the cyolic disturbanoea of the air stream ahead
of the engine entrance diffuser and by tho flow of sl~pstream along
the engine shell, as olrbalnaiIn flight,

TEm PRcmiaxrm

Thrust-calibration taste. - The thruet-muaeuring eystem was oali-
bratud yrevjme to the tealm to determina:

(u) The cnnvurwlon factor %tweon thrust-manumoter tiflect~on
and not forco I’m on tl.won@ne atl’uoturo.

(b) Tliaair Icad Al (Pi - Po) on t~u drid~ne f3truetureat the
Vmlous statIJ-pl”eam.lraValllct!(Pi - l?o) used ~n the test.e.

s

air mr~% tank-mnd a fml press-rowof 15 pounih pm square ~nch gage
wus built up in the fwl surge tnnk. The llml solenoid valva wuQ
then opmod and ixuudiately thoresfter the spark wae energized,
Following tho first explosion tho spark was deoner@ zed and the
nGe&le valvo 1n the fuel llne me rnpldly opened to provlde the
required fuel flow for the greatly Increased air flow Induced by
the breathing aotion of the engine. Prodetcmained values or simu-
lated r= pressure and fwl flow (range of fuel flows llm~ted tc
that resultIng In resonant opuration) were set and tho engine
operating oonditione wero uliowod to 3tahillze boforo st.nrtof the
test run. During the t~at run, which was of approximately 30 seconds
duratIon, the ptirtlnenttest datciwuro recorded; the thrust—manometer
roading was taken at tho und cf the 30-eecond run period, Upon oom-
plotlon of the first test run, new fwl-flow and slmulatod ram-
pressuru conditions wm”o ostablichud and the procodure for rucording
tho data was repeated.. The running timo lerstart was limltod by

bthe t~eraturo of the engine eho~ (1600 F chosen as a maximum
limit) that could not bo adequatol.yonoled witk the avallablo cooli~
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air (apprazlmately10 to 12 lb/see). Only
test runs could be made with a single test
it was necessary to shut down tc allow the
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two and scmetlmes three
start; after these runs
engirm she~ to cool.

As ummary of the simulated rem pressures and fuel
in tijstswith two skndard flapper-valve assemblies is
followlng table:

flows used
given in the

I?lwlPlcw, M@’

Tif3Xl 160!3 1800 2260
lufio 2000 2000 24(Ji)
2000 2200 24W

I
2500

2200 ~ 24(XI

I

2WJcl 2tMo
. 30CUJ 3200

–.1.
32~@ I 35(3O

IIL theeo teats, ‘Jo oombusti.m-air tazperature was maintained cun-
stant at approximately 70° F.

steady-flow presslue-loss tests. - -Therelation between ah
wel@t flow wad pressure drop acrogs the flapper-valve assembly was
dotoaulned in steady air-flow tests conducted.prior to opuratlo]lcf
the engine. In these testn, alr WUFIpumped by the combusti.an-alr
blowur tc Lho flapper-vslvo .~ssemblyfmm whare It flowed na a
atmdy stwnm jnto the cmgine shell and out to the atmosphere. The
air flow was v~nied “LnstepQ frmu tlm iowust vaLuo that uould be
rel.[ablymoawred @_th th[Jccmbustj.on-air~rific~ tc the r~imum
quantity safely punpd by tho cambustionuir blower; measurements
wore takm cf tho a:r wel@t flow and of tho &Lfforonce botwoen the
air pressure within thu surge tank and the atmospheric pressure,
which is approxhately Gqwl to the static ~roeuura drop acrosu tile
flnpper-valvo assembly.

Fuel-nozzle”calibration tests. - Previous to ths tests, the—— ——
fuel-munlfold-lnJectl.on-mzzloaswmbly was oallbrated to dotemine
tho fuel distributim amo~. the nino fuel-inJection nozzlos at fuol-
ilOZZleprosmro~ Of 5, 10. lb, 20, und 25 poumh por uquare inch
gagu (xpp~r limit of thu flew-benoh equipment). This calibration
was conducted with tho fuel manifold In the sam vortlcal position

t oaoh fuel prcasuro teuted the fuelaB inetallcd cn the engine; a
flow ~.ssulngfrm each lnJectlon nozzlo was separately measitrod.
The results of these fuel-diatributlontests,as conductod on the

.



.second flmpper.valve a~aembly, aro given in flb~(z 7 wlwre the “
hdiv idual fuel flow is plottcd for ouch nozzlo. Sncl.udsdin th~

- -figure is-a.sketch that ldent~leu. the nozzle numbcnsand shows tho
position of th~ nozzle on the grid. Tho percotiago’deviations Prcm
the avor~u fuel flow and the totcl fuel flow for uaoh fuel prmsure
arc aldo 11sbed on tha flguzzo.

RESULTS AND

A summary of the performance

DISCUSSION

remits obtained In the tests with
the two standard flapper..valve assemblies is presented In tables I
and 11.

Combustion-air flow and effective Jet velocity. - The basic
over-~ pet’bmance of the e~.~s presented in flgwes 8 and 9
wherein the mmbush!on-alr wci@t flow md the offectlve jet velocity,
respectively, [usepl>kted against .~uolflow for s-lmulatedram yreu-.
sures of ()!18, 4.),and M Lnches i-fwater. The end tent poiutu on
each rmm-prmmme ourvo ~i.I’lgm.e2 reprcflentthe l.il~it~of the Jet-
ong~ne cycling 01”.wmonatln:~qmrntion; .Lsmall reducthn In fuel
flow (about 100 to 200 lh/r!s)imlow the l.cwortest lwlit or increase
abovo Lhe upper tout l~it iosdt~(L”lIl a change in cmcbuetlon to
steudy burnfl~j for wh~ch tno affect!ve jat veloclty is only a vot’y
small frmmtlon of that develcpod dln”jng:wsonant .:peratIon.

The wmbustion-.alrwolght flew Incroams with Incrcmso in both
fuel flow and ram pressure (fi~. &3);at the maximum aimulatod rem
prcmsu.m of 58 tnohes of Wc,teP,the combustion-atiw6@ht flow Is
close to 12 pounds per second. Buscilon tho ussmption thut owlq .
to the fluppor..valveuction the induction perlcqlin each CYC1O is .
half the .LotalGyclo tlmlu,this air flow corrcmpmda to an avera.o
&ir voloclty during tho ~nduction parhi of about 360 feet pur
second through the throat sf tho vunturl pausages. The cmlginuvolu-
metric otflclency corresponding to this ulr flow is abcut 38 percent,
us based on a cycl?ng rate of 40 cycles “perswond (am tables I iand
II) ard the m.glw volum betwuon the:f].appor-valveaswmbly :md
tho tlu’oatof tho convwrgunt nozzlu (beglniilngof thu ccm.stant-amm
tall pip).

1’
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Ftgure 9 shows that, as the fuel flow is increased fra the
lower to the upper cycling limit at each ram pressure, the effective
jet velocity Increases to a ~mum value and then decreases. The
maximum effecttve Jet velocity Is seen to Increase substitlally
when the ram pressure is changed from O to 18 Inches of water.
Throughout the range of ram pressures from 18 to 58 inches of water,
however, the mximum effective Jet velocity varies only about .
140 feet per second and appears to be highest at a ram pre~eure of
40 inches of water.

The effective Jet velocity is plotted in figure 10 a~inst fuel-
alr ratio as obtained frcm the test points presentad In figures 8 and
9. The fairing of the curves through the test points in this and
subsequent figures waH ~de in a mmner to give consistent reeults
with the basic curves of flgu?es 8 and 9. The effective jet veloci@
Is shown to be a mxlmum In the vicinity d 0.08 fuel-air ratio for
all the rem ~assures tested. ..

&edictad fll@t thrust. - The thrust that would be developed
In sea-level flight for the atmospheric pressure and temperature
test conditions (approximatelyMACA air) at the flight speeds corre-
sponding to tha test simulated ram pressures are plotted against.
fuel flow in figure 11 and against fuel-air ratio In figure 12.
Because the effect of altitude on the engine perfromance Is not _
figures XL and 12 are presented for only sea-level operation. A
variation of about 16 percent exists between the mximum static
thrust (at O ram) and the thrust developed at 190 and 280 tiles per
hour at the same fuel flow. The maximum thrust increases with air-
speed at a rapidly decreasing rate; fur airspeeds of 0, 190, 280,
end 340 miles per hour, the mximum thrust values are 500, 660, 740,
and 770 pounds, respectively. It Is evident frcm figures U. end 12
that, although the fuel flow for maximum thrust Increases with
increase in airspeed, the air flow Increases in the same proportion
so that In every case ~lmum thrust occurs at a fuel-air ratio of
abut 0.08.

Fuel consumption. - The thrust specific fuel consumption of
the engine In pounds of fuel per hour per pound thrust (excluding
external dxag) is plotted in figuro 13 a@nst fuel-air rat30
for the various indicated airspeeds. Best-econauy operation
is obtainod at a fuel-air ratio of 0.064 for flight speeds of
280 and 340 miles per hour and at a fuel-air ratio of about
0.072 far flight speeds of O and 190 miles par hour. The thrust
specific fuel consunrptionfor best-economy operation at flight
speeds of 0, 190, 280, and 340 miles per hour are, respectively,
3.8, 3.4, 3.3, and 3.6 pounds of fuel per hour par pound
thrust. The curves of specific fuel conmurptionere quite flat in
the region of best-economy fuel flows and for maximum thrust opera-
tion at the fllght speeds of 0, 190, 280, and 340 miles per hour
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Indicate fuel omsmpt3x$u@ of 4.0, 3.8, 3.8, and 4.2 pounds of fuel
per hour per pound of tti’~w.respectively. These values represent
-an Inorease In fuel-oonsmh.i e@J.yethe bi3st-eoonmy values of
about 5 peroent for flight speeds of ~ arxl190 miles per hour and
about 15 peroent for flight speeds of 280 and 340 miles per hour.
Reference to figure 12 shows that the predloted fl.lghtthrusts
obtaqned at the best-econnmy fuel-air ratios am 420; 6Z0, 660,”and
680 pounds at the flight speeds of O, 190, 280, and 340 miles per
hour, respmtively.

:.
$ The fuel oonsumed per thrust horsepower-hour is plotted In fig-.

ure 14 a@nst fuel-air ratio for flight speeds of 190, 280, and J
340 miles per hour. The spread between the different airspeed
ourves Is due mainly to t~he“reductionIn $et-wake losses and the
resultant Increase in over-all operating efficiency obtainsd with
lnorease in flight sped. The mln~mum values of power specific fuel

, consumption indicated in figure 14 are 6.9, 4.3, and 3.5 pounds perr, thrust horsep~r-hour fa the fll@t speeds of 19G, 28C, and
340 miles Fer hour, respectively. I’hcboat value of powur specific
fuel consumption (3.9 lb,/thp-hr)cor~spund~ to an O/or-all erl’i-
clenoy of 3.5 percent, as based on thu lower heating valuu of tho
fuel; this e.~lciency value IS ~bout h~f’ that calculated for the
idaallzod oycle.

i

‘,

cycle pressures. - The cyoling -frequencle~nwasured in the tests
sxo glvon jn=e~ and II. A tabulation of tho maximum and mini-
mum combustion-chamberpressures is inoludod In tablo II. Tho fre-
quency mluos aro seen to vexy from 39 to 41 cycles pur second. Thf3
maximum and minimum ySSSUrOS ~re measured only in the tests con-
ductod with tho SOCOnd fkppor-valvo cssombly becauso the first
tests wore dovotcd to dovolc~nt of a satisfactory pickup. Table 11
shows that the m~lmum p~ss~ lnc~asos from about 43 to about
52 inches of mercury gago (about 29 to 32 lb/sq in. absolute) when
the simukted ra p.WSSUrO IS Increased frcjm40 to 58 inohes Of

Watcir;these values compare with a theoretical maxinnnn-pressure valua
of about 145 pounds ~r square ~nch absoluto, whloh would be obtained
in a constant-volumeburning procoss. The minimum pressure Is shown
~n tabls 11 to vary in a randm manner from 7.5 to 10 inohes of mer-
ourY vaouum (f&a 12.1 to 11.3 lb/sq in. absolute) for simulated
ram pressures of 40 and 58 inohos of water.

Photographic records.of the ccunbustlon-oh.amberpressure varia-
tions as indioated on the OSGII.10SCqS sorgen EUW presented in flg-
Ure M for two ty-piml operating Cmnditlons. The small irregu-
kritles l-nthe wave forms are due to the effeots of the oscillating
alr column within the efiension-tube connection to the plokup. The
measured values of maximum and mlnlmum oumbustlon-ohsmberpressures
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on the Individual pressure traoes;
lines are estimated frm line=

interpolation between the maximum- and minimum-wemnare values. The
reooriisshow that the “pref.murerise frcxnmlrd-mumto me.xlmumvalue
begfna at a relatively slow rate and contlnuee at substantially the
same rate until a pressure samewhat higher than the absolute ram
presmre is reaohed. At thla pressure value, a high ucoeleration of
presmro is obtuined and the premmu?e then increases at u greatly
Lncawasod~‘ato to almost maximum value. The pressure deorecum from
mnxlmum to mintium veluo oocurs at CLsubstantially constant rate.
Val.uosof the maximum rate cf prossuro rise and tho rate of deoreaee

.

for conditlcme (a) md (b) of Pi:ylre15 are roughly estl.mattifra
the reoords and ure tubulatad as follows:

Condltion Ratu of Rwte of
pressuo presmro
rjsr3 d.ucrwee

(in. H#scJo) (in. H~sec)

(a) 5,000 6000
(h) 13,000 4000

Flam~~hoto~aphs . - In flgum 16, enlargements are ehown of——
14 mlccussive fismea of a high-npood m~ti~-~J~CtUr\~flb Of tho
fl.~~ litth~ t~~].-~i~Jooutlet. A fluoresoont tubo lightmd by stand-
wd 110-volt fM1-cycle current providod a timing traco for thu flsmo
as shown in thu onlargumcntQ. The fhmes show tho distinct build-up
and dccuy .li’tho f..umo. i’ro@ct~on of the ftlm clearly ehowcd that
the hi@- vulocity d l~~&@J from thu trillp ~PC waQ followod by n
cmplot.] r:.woro.%1of flow whoroin “~port”lonof the exhaust grows
wlthjn thu t~l.1p~.pound tho nozzlo was drawn buck Intc tho oombua-
t1on olu.unbor.This xovcnxml of flow iQ thG ~mcsponaoto the ouctlon
pwuuurcs croutwi within tic cmbustlon chzunbur~or oaoh explcmlon
und probably rcwultu in proccunprnmion of tht now oha-gu and cr~bno-
~U~Jnt l~lt~~n.

Fael-nozzle~essures. - Tho values of fuel-nozzle pressure
meas~m~ti= toQ~he first flapper-valve assembly were unluly
hi@ bucaueo of partial clogging of tho nozzle passagm by foreign
materials with.inthu fuel lines. These valum am therefore not
prosentcd. Tho values moamrod for tho suoond fla~lper-vulveassembly
cm, howevtir,ocnuldwod satisfactory nnd am Included in tablo II.

In fi~’u 17: tho I’uclflow Is plcttod ugunst tho fvel-nozzle
pressuru (~lelutlvetc ~~tmoapher;oprcmsure) us masured in tho tests
on tho second fluppur-valve assconbly. The values obtained h the
fuel-distrlbutjontests (fig. 7) aru lnolrulodIn tho plot for ccm-
parlson. In th~ fuel-distribution toslm the fuel nozzles dlschargod
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against atmospheric preesure, whereas am% operation af the engine
the nozzles discharged a~inst a cyclic- varying ~essure whose
&avbra@ ‘iekbove atmospheric; the“fuelpressures-required in the
en@ne-perf ormnace tests are therefae higher than those measured in
the fuel-distribution tests.

Steady-flow pressure lees across flapper-valve assembly. - The
eteady-flow pressure-lo= characteristics of the two flapper-valve
grid assemblies used in the tests are plotted in fi~e 18. The
presswe differential.requlre~ to open the flapper valves at the
start of the perfommnce tests is shown to be about 14 Inches of
water. Inasmuch as the pressure drop WOUJd vary closely as the
square of the air-weight flow for constant f1apper-valve position,
the linear variation obtained throughout the range of pressure drops
tested indicates that the valves were still opening and had not’
reached wide-open position even at a pressure drop of 40 Inches of
water. Ih view of the fact that the two flapper-valve assemblies
were similar the stiffness and natural frequency and hence the
steady-flow pressure-loss characteristicswould be the same as
cmfirmed in figure 18.

Flapper-valve deterioratiq. - Figure 19 is a photograph of the
fIret flamer-valve assembly taken after 30 minutes of operation.
In general, most of the valves appeared to bo in good condition.
The discoloration of some of the valves indicated that they had been
subjected to hot burning @ses; ae a consequence these valves had
lost their original tension. Detiils of the two most damaged valves
In the assembly are shown in figure 20. Sections of the tips of
these two valves were broken off and cracks extended back from the
edges. The &amage was undoubtedly the result of impact forces
imposed on the valvee as no signs of discoloration were apparent.
Further testiu tith this valve assembly (not reported herein)
fndlcated a ra~ld reductlm in thrust &’&r
operation.

Jhepectlon of the second flapper-valve
of operation revealed greater flapper-valve
first assembly, notwtthstandtng the shorter

SUMMARY cl?RIEIILm

33 minutes of total

assembly after 17 minutes
-~-tcftie
Opemting time●

A ammary of the important results obtained in sea-level tests
cauductsd on a 22-inch-diameter pulse-jet engine installed on a
thrust stand is presented in the fol.lowlngtable:

1:.
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Slmul.atedrm preesure, in. water o 18 40 58
Equ~velent indicated airspeed (KACA air), mph O 190 280 340
Predicted maxhnum flight thrust, lb 500 660 740 770
TMrust specifio fuel consumption at maximum- 4.0 3.8 3.8 4.2

thrust operution, lb/(ti)(lb thrust)
Predicted flight thrust for operation at 420 610 660 680
minima fuel cons=pt~on, lb

Minimum value of thrust specific fuel con-” 3.8 3.4 3.3 3.6
sumptlon, lb/(hr)(lb thrust)

M@mum-thrust ‘cperatlonwus Gbtained at a fuel-air ratio of approxi-
mately 0.00 and best E’uelecancmyj in the fuel.-air-ratiorange
between 0.064 and 0.072.

The operating frequency of the Jet engine varied from 39 to
41 cycles per second. Max’imumcombustion-chamberpressures in the
ordor of 40 to 50 “inchesof mercury gage and mlntium pressures from
about i’tc 1!7Inches of murcury vacuum ww?e measured for the simulated
rum 1JrOt3SU%$ of 40 and 58 inches 9f water. The operating llves of
the two flupper-valve aasemblJes used in tho tests were apprcximatoly
17 and 33 minutes, respoct~.vely.

AlrcYuft Engine Research Laboratory,
Nutlond Advisca’yCommihtee for ioronautlcs,

Cleveland, Ohio, Ootoher 2, 1945.

.
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5
6
8

1:
14
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18
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23
24
25
26
27
28
29
30
31
32
33
34
35
~

TABLE I - SU~ARY OF RESULTS OF TESTS ON FIRST STANDARDFLAPPER-VALVEA8SEM8LY

simu-
lated
ram
pres-
sure
(in.
water~

19.8
18.2
;:,;

16:6
-0.5
-*
15.:
17.5
0.1

3%:
41.5
40.2
40.9
40.7
20.4
18.4
20.5
1’7.3
-0.2
-2.4
-2.1
43.3
42.0
38.0
60.4
59.3
61.5
59&5

Fuel saro-
flowmetric
(lb{ ~:-

(l&;oyg

1600 29.42
2$)00 22.26
1600 29.26
2210 29,05
2400 29.05
2000 29.30
1600 29.30
2400 28.95
2000 28.95
2200 29● 50
1400 29.50
2600 29.35
2400 29.35
8000 29.35
1800 29.35
3200 29.35
1600 29,18
2000 2S.18
2200 29,18
2400 29.18
1600 29.18
1890 29.18
2000 29.18
2000 29.18
2400 29.18
2800 29.18
2400 23,42
2200 29.42
2800 29.42
3200 29.42

Combus-
tion-air
temper-
ature
(@)

59

%
60
64
68
70
78
76
64
65
63
65

::
64

E
66
67
62
65
68
74
74
75
80
84
89
91

:ombus-
;ion-air
yeight
plow,w
:lb/hr)

‘26,280
’28,800
326,280
’29,880
’30,600
525,200
~21,600
’30,600
’28,800
]25,560
-------
’36,000
~34,200
‘32,040
‘30,960
~37*440
26,280
29,160
29,520
30,600
21,600
24,120
25,200
34,920
34,560
34,920
37,440
38,880
38,880
39,600

J’uel-
Llr
~atLo

G
.069
.061
.074
.078
.079
.074
.078
.069
.086
-----
.078
.070
.062
.058
.085
.061
.069
.075
.078
,074
● 075
● 079
.“057
.069
.080
.064
.057
.072
.081

et
hrus’

~vg$
(lb)

513
640
457
695
744
496
427
711
579
487
----
870
794
691
543
815
—- -
’655
----
742
’403
‘470
514
’758
’840
859
818
729
907
933

3ffec-
tlve
jet
weloc-
lty, Vj
(ft/
sec)

2262
2579
2016
2697
2818
2279
2292
2693
2330
2210
------
2801
2691
2498
2030
2525
------
2602
-----
2812
2165
2261
2364
2515
2818
2854
2531
2177
2707
2729

aRead from plotof data obtainedIn runs 23 to 32.
bStabllizatlontime for thrustmeasurementless than30 sec.

>redlcted
?llght
;hrust

; (Vj-Vo)
(lb)

447
571
389
625
673
496
427
640
509
487

----------
748
672
579
433
683

-----—-.
584

-— -----
670
403
470
514
629
715
739
659
566
739
’765

:ycllng
‘re-
Iuenc
(Cps 7

.——.
--- —-
------
40

%
39
40
40
40
40
39

::
41

.-----

.-----
—---
------
.—-- -
----
-----
------
------
.---=-
.----
.-----
.-—--
------
.—---

iiiizzi
ralve-
~rid
temper-
ature
(OF)

10!4
96
114

1::
103
118
112
112

— ---.

1%

1::
103
104

-------
-----
.-----,
-----
-----
.---—.
.—----
------
------
—--
104

-—
127
127

GzRii
the11
;ernper-
Iture
(OF)

1540
1220
1600
1500
950
1175
1550
1200
1150
950
1050
1200
1586
1100
1415
1150

.-—.
-----
------
-----
-----
.----
-----.
—---
------
------
1250

— -.
1250

—----

! .

7rotal
;fmo on
napper
ralve
kt end
M.run
(tin)

NATIONAL ADVISORY

6.5
—&--
8,0
9.8
21.3
.-—-
i4.1
.L----
18.1
18.9
20.2
.—----
21.7
-----

%:
——--
-—---
.——
26,5
----.-
—---
28.2
.——A-
------
29.9
—----
31.6
-------
33.3
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TABLE II --SUMMARY OF RESULTS OF TESTS ON SECOND STANDARD

FLAPPER-VALVE ASSEMBLY

Run simu- Fuel Fuel- Baro- Combus- Combus- Fuel- Jet Effec-
lated flow nozzle metric tion- tion- air thrust tive
ram (lb/ pres- pres- air air ratio w jet
pres- hr) sure sure temper- weight ~ VJ veloc-
sure (:/;q (in. Hg a;~; flow \ (lb) ity
(in. “. abso- V.
water ) lute ) (lb~hr)

(ft;
see)

2 59.0 3200 62 28.94 85 41,040 0.078 946 2674
3 60,1 2500 38 28.94 a6 38,880 .064 884 2638
4 58.7 3500 72 28.94 85 41,760 .084 973 2702
5 58.1 2800 48 28.94 85 39,600 .071 883 2583
9 55.8 2800 48 29.06 70 39,600 .071 ------ -------

10 53.8 2800 48 29.08 72 40,680 .069 892 2540
15 59.0 2800 ------ 28.96 78 42,100 .067 923 2541
16 36.7 2800 47 28.99 69

!
37,080 .076 829 2591

17 39.9 2000 27 2~099 , 70 32,040 .062 731 2644
18 37.5 3000 55 28.99 72 37,080 ,081 875 2735
19 35.9 2400 37

I
28.99 72 33,480 .072 810 2804

Run Predicted cycl- Maximum Minimum Maxi- Maxi- Total
flight ing combus- combus- mum mum time on
thrust fre- tiun tion valve- shell flapper

:(VJ -Vo)
quency pressure pressure grid tem- valve at
(Cps ) (in.ey (in. Hg tem- pera- end of

(lb) f? vacuum) pera- ture run
ture (OF) (rein)
(OF)

2 772 39 47.6 9.5 134 1575 ---------

3 717 40 47.6 8.5 156 ----- ---- 3.0
4 795 -------- 51.6 9,2 120 1325 ------- -

5 716 --- ”---- 51.1 8.0 126 1550 4.8
9 - . - -- .. - - - -. -. 40 52.4 8.6 148 1700 8.3

10 727 39 52.4 9.2 150 1225 9.2
15 745 --- - .-- - --- --- - - - .- -------- - ------- - ------- 13,6
16 703 39 ~--------- 10.0 153 1300 l ----------
17 61~ 45.4 7.4 162 1600 15.7
18 747 38 45.3 10.2 151 1200 .. - - - - -- -

19 697 41.9 ‘5.4 151 1575 17.3 ,

National Advisory Committee
for Aeronautics
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Figure 1. - Details of 22-inch-diameter pulse-jet engine.
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Figure 2. - Rear vtew (downstream face) of flapper-valve grid assembly. E
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Figure 3. - Front view (upstream face) of flapper-valve grid assembly.
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Figure 4. - Schematic diagram of test installation of 22-inch-diameter pulse-jet engine. E
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Figure 5. - Test installation of 22-inch-diameter pulse-jet engine.
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Figure 6. - Comparison of flow conditions obtained in
thrust-stand tests with those existing in flight.
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COM41TTEE FOR AERONAUTICS Nozzle position as viewed

from rear of englqe ;

Fuel ressure Deviation Total fuel flow
(lbflq in.) (percent) (lb/hr) 1

0 5 +4.94 -12.55 1111
x +6.45 - 9.17 1522 I o 0 0 \

:!? +6.98 - 9.30 1858
~

a w w
+8.08 - 9.09 2138

%4 +5.32 -13.85 2369 0 0 0

1- = -1 r

~
-

~

Td 4* h ()
tr~ cb {

I

2 3 4
4

5 6 7 8 ‘9

Nozzle

7 .- Results of flow-bench tests on fuel-injection nozzles showing Individual-nozzle
flows.
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Figure 8.- Varlatlon of combustion-air weight flow with fuel flow for the test simulated c

ram pressures. E
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Figure 10.-Variatlon Of effective jet velocity with fuel-alr ratio for the test simulated
ram pressures.
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Figure 13.- Varlatlon Of thrust specific fuel consumptionwith fuel-air ratio for the various
simulated fllght speeds. (Sea-level operation in approximately NACA air.)
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various simulated flight sp”deds. (Sea-level operation in approximatelyNACA air.)

.

I



NACA MR NO. E5J02

l-’”+ ‘“
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[b) Ram pressure, 55.8 inches of water; fuel fiow,
2800 pounds per hour; fuel-air ratio, 0.071.

Figure i5. - Combustion-chamber pressure cycles for two
typicai test conditions.
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Figure 16. - The flame cycle at the tail-pipe outlet as
viewed by a h~gh-speed motion-picture camera (2000 frames

per see).
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Figure 17.- Varlatlon of fuel-nozzle pressure with fuel flow showing difference of thrust-
stand data (obtained during operation) from the flow-bench callbratlcm.



$.!&
u

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

10

4/
9 ‘

8

7

6 “

5

4 ‘
/

3 0
d’/ Flapper-valve

grid assembly

2’ 00+& o First
0,’ A Second

1
4*

0°
o’

/
/

12 16 20 24 28 32 36 40 44

Air surge-tank pressure above atmospheric pressure, in. water

Figure 18.- Pressure-loss characteristics of the two flapper-valve grid assemblies in the
performance tests.
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Figure 19. - Flapper-valve grid assembly after 30 minutes of operation.
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